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FOREWORD 
This  s tudy  was i n i t i a t e d  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  p r e d i c t i n g  
wake p r o f i l e s  b e h i n d  b u i l d i n g s  and na tu ra l  obs tac les  us ing  a scaled model 
i n  a wind  tunnel .  The wind  tunnel  approach i s  p r e f e r a b l e  because o f  
economy o f  t i m e  and money, s i m p l i c i t y  and  convenience.  This i s  t h e  
f i r s t   r e p o r t   o f  a cont inu ing program sponsored by the F lu id  Dynamics 
Branch, Atmospheric Sciences Division o f  t h e  Space Sciences Laboratory a t  
the George C. Marshal l  Space Fl ight   Center,   Nat ional   Aeronaut ics  and 
Space A d m i n i s t r a t i o n ,  H u n t s v i l l e ,  Alabama. 
This research was conduc ted  under  the  techn ica l  d i rec t i on  o f  M r .  Dennis 
W .  Camp and Mrs. Margaret Alexander of t h e  Space Sciences Laboratory a t  
Marshal 1 Space F1 igh t  Center .  The s u p p o r t  f o r  t h i s  r e s e a r c h  was prov ided 
by M r .  John  Enders o f  the  Aeronaut ica l  Opera t ing  Systems D i v i s i o n ,  O f f i c e  
o f  Advanced Research and Technology, NASA Headquarters. 
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NOMENCLATURE 
f Coriolis  parameter 
H h e i g h t  of  building  or model 
k von  Karman constant 
K constant i n  Counihan-Hunt-Jackson Theory calculated 
from Eq. 13 
M subscr ipt   for  model 
MOM Momentum flow per u n i t  w i d t h  
n power 1 aw exponent 
P subscript for  prototype 
T1 ,T2,T3,T4,T5,T6 meteorological  towers Nos. 1,2,3,4,5,6 
U horizontal component of a i r   ve loc i ty   o f any z 
uH horizontal component o f  a i r  v e l o c i t y  a t  z = H upstream of bu i  1 d i n g  
$1 horizontal component of a i r  v e l o c i t y  a t  z = 6L upstream of model 
'r horizontal component o f  a i  r ve loc i ty  fa r  upstream of b u i l d i n g  ( T l )  a t  z/H = 6.5 
U 03 geostr0phi.c or  free  stream wind velocity 
AU 
U* 
U '  
ve loc i ty  def ic i t  based on upstream velocity 
f r ic t ion   ve loc i ty ,  ( ~ ~ / p )  1 /2 
RMS of fluctuation of horizontal component of a i r  
v e l o c i t y  a t  any z 
Z elevation 
zO 
6 model or  prot type boundary layer  thickness 
roughness  length 
& L  
r dimensionless  velocity def ic i t  defined by E q .  12 
height of surface layer, i .e.,  logarithmic layer 
v i  
rl 
e 
x 
V 
P 
T 
=0 
w 
dimensionless height z defined by Eq. 11 
w ind  d i rec t i on ,  9 = 180" for wind from T1 t o  T6 
(wind f rom N 30" W )  
geograph ic  la t i tude  
k i n e m a t i c  v i s c o s i t y  o f  t h e  a i r  
d e n s i t y   o f   a i r  
shear  s t ress -rzx 
sur face shear  s t ress 
e a r t h ' s  r o t a t i o n  r a t e  
v i  i 
CHAPTER 1 
INTRODUCTION 
The  work described i n  this r epor t  i s  motivated by the need t o  under- 
stand the wind environment around air  terminals .  Ascent or descent of 
a i r c r a f t  through the atmospheric boundary layer i s  accompanied by changes 
i n  l i f t  a s s o c i a t e d  w i t h  changes i n  wind speed w i t h  a l t i t ude .  The accelera- 
t ion produced by the brief action of unbalanced forces  resul ts  in devia- 
t ions from the or iginal  f l ight  path f o r  descending f l i g h t .  The above 
e f f e c t  i s  enhanced by induced flows produced by buildings or natural 
obstacles i n  the vicinity of airports.  The e f f ec t  of these surface 
obstacles on the aerospace environment around a i rpor t s  has been reviewed 
recently by Fichtl , e t  a1 . [ l ] .  Shear layers ,  or wakes,  produced 
downwind of surface obstacles can prove hazardous to  a i r c ra f t ,  e spec ia l ly  
those of the V/STOL type, because of the h i g h  rate of change of wind 
speed  with a l t i t ude  i n  the  layer.  Clearly  research i s  needed t o  determine 
the locations of  these regions of induced flows i n  the wakes of surface 
obstacles and the i r  e f f ec t s  on aeronautical systems. 
Related theoretical and experimental research has been carried out i n  
recent years. Most o f  the pertinent 1 i terature  has been discussed 
in extensive 1 i terature surveys by Fichtl , e t  a1 . [ l ]  and by Frost 
[Z]. Some of the work c i ted  i n  these references appear t o  be useful i n  
the present study. 
A particularly useful theoretical study has been reported by Counihan, 
e t  a l .  [31. A theoretical  framework i s  provided for  correlat ing 
experimental wake measurements corresponding to  a  given b u i l d i n g  geometry 
and upstream prof i le  charac te r i s t ics .  Models of  long  buildings  imnersed  in 
1 
a boundary layer  hav ing a t h i c k n e s s  o f  t e n  t i m e s  t h e  model h e i g h t  have 
been  used  by Woo, e t  a1 [4] t o  o b t a i n  measurements o f  wake v e l o c i t y  
and  turbulence. The d a t a  o f  Woo, e t  a1 [4] a re  expec ted  to  be useful 
i n  t e s t i n g  t h e  p r e d i c t i o n s  based on t h e  t h e o r y  o f  Counihan, e t  a1 [3]. 
Other  exper imen ta l  s tud ies  a re  a l so  he lp fu l  i n  g i v i n g  i n s i g h t  i n t o  
t h e  p h y s i c s  o f  t h e  wake f low.  Oka and K o s t i c  [5] made d e t a i l e d  measurements 
o f  v e l o c i t y  and turbulence i n  t h e  r e c i r c u l a t i o n  r e g i o n  b e h i n d  a two- 
dimensional square rod placed on one w a l l  o f  a channel o f  r e c t a n g u l a r  
c ross   sec t ion .   Mue l le r  and  Robertson [6]  measured wake p r o f i l e s  b e h i n d  
two-dimensional obstacles o f  qua r te r - round  c ross  sec t i on  i nc lud ing  bo th  
data i n  t h e  r e c i r c u l a t i o n  r e g i o n  and fa r  downstream. Good and  Joubert  [7] 
s tud ied  the  ae rodynamic  d rag  o f  b lu f f  p la tes  and ob ta ined  use fu l  co r re la -  
t i o n s  between  upstream  condit ions and p l a t e   h e i g h t .  These r e l a t i o n s  
should be u s e f u l  i n  p r e d i c t i n g  t h e  e f f e c t  o f  o b s t a c l e  h e i g h t  on  wake 
p r o f i l e s .  
Most o f  t h e  a v a i l a b l e  r e p o r t s  o f  e x p e r i m e n t a l  r e s e a r c h  d e a l i n g  
w i t h  wake f low behind obstacles are based on work done w i th  sma l l  
scale  laboratory  equipment.  Few f i e l d  s t u d i e s  have  been made, however, 
major  s tud ies have  been repor ted  by  Fros t  and  Shahabi [8] , Fros t ,  e t .  a1 
[SI and  Sacre [ l o ] .  I n  t h e  work o f  F r o s t  and  Shahabi  the wake o f  a 
s imu la ted  b lock  bu i l d ing  was s t u d i e d  u n d e r  f i e l d  c o n d i t i o n s  u s i n g  t e n  
inst rumented wind towers located at  Marshal l  Space F l i g h t  C e n t e r ' s  
Atmospher ic  Boundary  Layer  Faci l i ty  (ABLF). The  anemometers  and  vanes 
supported on the  towers  were  used t o  measure mean h o r i z o n t a l  w i n d  p r o f i l e s ,  
w i n d   d i r e c t i o n  and v e r t i c a l   w i n d  speed. I n  a d d i t i o n  t o  t h e  t h r e e  com- 
ponents o f  wind,  the  turbulence components  were a l s o  measured. The 
tower  loca t ions  are  shown schemat ica l ly  i n  Fig. 1, where T1 , T2, T3, 
2 
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F i g .  1 MSFC Atmospheric Boundary  Layer Facility 
T4, T5, and T6 a re  used t o  denoted the six principal towers used i n  the 
investigation. The distances given i n  F ig .  1 a re  i n  meters, and the 
dimensions of the simulated block building are indicated as he igh t  3.2m, 
w i d t h  2.4m and length 26.8111. The investigation considered primarily 
winds i n  the direction from T1 t o  T6, i .e. , winds from North 30" West. 
The l a s t  measuring s ta t ion  (T6) i s  located about 44 building heights 
downwind of the simulated building, i . e . ,  x/H = 44 a t  tower T6. The 
instruments were located on the towers a t  3 ,  6.2, 12 and 20.88111 above 
the ground, i . e . ,  a t  z/H equal t o  0.94,  1.94, 3.75 and 6.5, respectively. 
Thus  wind prof i les  up to  6 .5  b u i l d i n g  heights above the ground are  measured 
a t  severa l  s ta t ions  s ta r t ing  eight building heights upwind of the building 
( T l )  and extending t o  44 building heights downwind of the building (T6). 
The boundaries of this wake study clearly encompass the principal regions 
of affected wind present i n  the flow. Too, thGse wind p rof i les  a re  con- 
tained i n  the region traversed i n  the wind tunnel investigation of Woo, 
e t  a1 [4]. 
The  wind tunnel investigation o f  Woo, e t  a1 143 was carried out i n  the 
Meteorological Wind Tunnel (MWT) i n  the Fluid Dynamics  and Diffusion 
Laboratory a t  Colorado State University (CSU) using several models of 
buildings,  one of which was a 1/50-scale model of the 3.2 x 2.4 x 26.8m 
building depicted i n  Fig. 1 and used i n  the f i e l d  s t u d y  a t  MSFC-ABLF. 
The upstream prof i le  was simulated by u s i n g  the appropr ia te  a r t i f ic ia l  
roughness on the wall  of the wind tunnel. Both mean and f luctuat ing 
ve loc i t ies  were measured in the wake o f  the model b u i l d i n g .  Profiles 
were measured a t  severa l  downstream s ta t ions  in  the wake including four 
which correspond exactly to the locations o f  towers T4, S3, S4, and T5. 
T h u s  i t  i s  possible  to  use the wind tunnel data to compare w i t h  the actual 
f i e ld  da t a  taken i n  the atmospheric boundary layer.  
4 
The present work is a preliminary comparison of the MSFC-ABLF f ie ld  
data and the CSU-MWT wind t u n n e l  data. The purpose  of the comparison is 
to  assess  the accuracy of predicted wake p ro f i l e s  fo r  the prototype 
b u i l d i n g  based on measurements made i n  the wake of the 'wind t u n n e l  model, 
and to  a r r ive  a t  conclus ions  as  t o  how d i spa r i t i e s  can be reduced o r  
eliminated. Accurate prediction of b u i l d i n g  wakes fo r  the purpose  of 
mapping the wind environment of aircraft near terminals i s  most economically 
accomplished by wind t u n n e l  modeling. However, evidence that wind tunne l  
wake data can be correlated w i t h  fu l l  -scale wake results is  a necessary 
step i n  the establishment of the r e l i ab i l i t y  o f  the technique. 
5 
I 
CHAPTER 2 
COMPARISON OF UPSTREAH CONDITIONS 
This chapter i s  devoted to  the  charac te r i s t ics  of veloci ty  prof i les  
upstream  of the b u i l d i n g  o r  model. Referring to Fig .  1 for  the  f ie ld  
tower arrangement, the upstream prof i le  i s  tha t  measured a t  the f irst  
tower, Tower  T1, assuming a wind direction from T1 t o  T6, i .e .  , the 
wind angle* 8 i s  180'. The prof i le  so determined can be characterized 
by the exponent n found i n  the power  law 
U z n  ij- = 
OD 
This relat ion models the  en t i re  boundary layer ,  and the exponent n 
can be determined from velocity profiles measured e i t h e r  i n  the f i e l d  
or i n  the wind tunnel  without knowing U, or  6. The exponent n i s  the 
slope of the straight 1 ine graph which represents U versus z on log-log 
paper. The surface or logarithmic layer has  a veloci ty  dis t r ibut ion which 
f i t s  
U l z  
U* 
"- - l n -  
zO 
where u* and zo are the velocity and length scales,  respectively,  for 
this layer.  The fr ic t ion veloci ty  u* can a l so  be determined from the 
velocity profile measured i n  the wind  tunnel or the field without knowing 
the  roughness  length. The friction velocity i s  simply obtained from 
the slope o'f the plot of U versus I n  z. 
*where 8 i s  defined to be the direction of alignment of the towers and i s  
not measured from north. The towers are aligned approximately 30' off 
(west) from north. 
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Table 1 consists of values of friction velocity for five tower 
locations and of upstream power law exponent determined by the l e a s t  
squares method. The resul ts  of  these calculat ions for  runs having a wind 
direct ion 0 of approximately 180" , i .e. , north 30" west , are presented 
i n  Table 1.  Some values are omitted because o f  nonl inear i ty  or  
insufficiency of data. The  origin of the x-coordinate is  a t  the downwind 
face of the building; thus the towers T1 and T2 a re  loca ted  a t  x/H values 
of -8.65 and -1.84, respect ively,  and T4, T5 and T6 have x/H values of 
4.88,  16.44 and 43.94, respectively.  Runs 8013-8038 were made w i t h o u t  a 
building, and Runs 8407-8512 were made w i t h  the building i n  place. 
The upstream wind p ro f i l e  exponent observed in the field i s  c lear ly  
affected by the presence of the trees and bushes shown in F i g .  1 upwind 
o f  the f i r s t  tower. Since tests were carried out over a period o f  
three years and the size of the natural vegetation changed d u r i n g  t h i s  
time , i t   i s   t o  be expected that the exponent n would change. The 1972 
values were 0.14-0.19, while the 1974 values varied from 0.24-0.31. 
Additionally, T1 was located 3.5m* (x/H = -2.93) from T2 i n  1972 as  
compared w i t h  the 21.8m distance used i n  1974 as shown i n  F i g .  1.  
Deviation of wind direct ion from 180" a l so  produced variation of the 
exponent. The values o f  u* depend on the upstream surface roughness, 
the size of obstacles and the geostrophic wind velocity Urn. T h u s  
considerable variation of u* i s  observed a t  Tower T1. 
A variety o f  re lated model testing was done in the CSU-MWT and i s  
reported by Woo, e t  a1 [4]. The tes t  condition and model 
*This dis tance appl ies  to  Runs 801 3-8038 i n  Table 1.  
7 
Table  1.  Friction  Velocity (m/s)  for  a Wind Direction o f  180 Degrees 
Exponent n 
Run No. a t  T1  T1 T2 T4  T5  T6 
801 3 
801 8 
801 9 
8038 
8407 
8408 
8501 
8502 
8503 
8504 
851 2 
03 
0.14 
0.14 
0.19 
” 
0.26 
0.25 
0.24 
0.28 
0.31 
0.26 
0.31 
0.210 
0.252 
0.238 
0.428 
0.388 
0.51 0 
0.635 
0.723 
0.552 
0.575 
0.323 
0.302 
0.298 
” 
0.558 
0.559 
0.795 
0.828 
0.915 
0.808 
0.512 
0.268 
0.448 
0.457 
0.242 
0.583 
0.566 
0.382 
0.762 
0.784 
0.809 
0.604 
0.283 
0.299 
0.251 
0.328 
0.249 
0.413 
0.256 
0.530 
0.584 
0.474 
0.428 
0.198 
0.269 
0.222 
0.225 
0.222 
0.223 
0.407 
0.431 
0.485 
0.423 
0.368 
sizes used are presented i n  b r ie f  form i n  Table 2.  The model t e s t s  o f  
pr inc ipa l  in te res t  i n  the present comparison study are those for test  
condition No.. 2 f o r  which n = 0.27, 6 = 0.61m, zo = 0.0061m and U, = 16m/s. 
A f i e l d  run  w i t h  an exponent close to this value is  Run No. 8407 w i t h  
n = 0.26 and u* = 0.428m/s. Equation ( 2 )  can be used t o  determine zo 
f o r  this f i e l d  run. The resulting apparent  roughness l eng th  i s  0.16m, 
which i s  excessive. Prof i le  da ta  for  o ther  runs a t  T1 a l so  y ie ld  
excessive values; e.g., the calculated values of zo are  0.226m,  0.254m 
and 0.591m fo r  Run Nos. 8408, 8504 and 8512,  respectively.  This i s  an 
order of magnitude larger than the value determined by Frost ,  e t  a l .  [9], 
v i z . ,  zo = 0.007m. The explanation for th i s  follows from Equation ( 2 )  
i n  the form 
7 
coupled w i t h  the observation that an obstacle causes an in i t ia l  increase  
followed by a decay of u*, as  can be observed from values given i n  Table 1 
of this  paper. Since the obstacles, i .e. , trees, bushes, fences and 
di tches ,  upstream of Tower T1 ini t ia l ly  ra ise  the value of u*, and since 
u* decays very slowly, u* a t  Tower T1 i s  expected t o  be larger than i t s  
equi 1 i bri  um value, and Equation ( 3 )  shows tha t  the corresponding calculated 
value  of zo should also be higher. On the other hand,  Equation ( 3 )  yie lds  
values of zo of 0.0107m and 0.01 16m a t  Tower 6 f o r  Run Nos. 8504 and 8512, 
respectively,  which are reasonable values of roughness length for the 
te r ra in  used. 
I t  i s  c lear  tha t  care  must be exercised i n  modeling atmospheric flows 
by simply adjusting wind tunnel power law exponents. Although the velocity 
prof i les  for  wind tunnel condition No. 2 and f i e l d  Run No. 8407 have 
9 
Table 2. Geometric  Condition f o r  Modeling i n  CSU-MWT 
Test s(m) zo(m) 6/zo H / 6  Model 1 Model 2 Model 3 Model 4 
Condi ti on H/zo  H/6 H/Zo  / 6 H/Zo hi6 H/Zo 
1 0.71 4.3 165 0.044 7.21 0.0915 15.1 0.116 19.2 0.090 14.9 
2 0.61 6.1 100 0.051 5.08 0.1066 10.7 0.135 3.5 0.105 10.5 
3  0.38 0.11 3455 0.082 281.8 0.171 591 0.217 751 0.168 582 
4 1.37 0.048 28542 0.023 645.8 0.047 1354 0.060 1721 0.047 1333 
0 
approximately the same characteristic exponent, i.e., n 0.27, the 
upstream wind tunnel profile is  an equilibrium profile deriving from the 
uniform surface roughness of the wind tunnel wall, b u t  the field profile 
a t  Tower T1 i s  a non-equilibrium profile i n  which turbulence generated 
by upstream obstacles i s  s t i l l  decaying  in the flow direction. Thus 
there i s  reason t o  expect some dissimilarity in the wake profiles of 
the model and prototype a t  stations downstream of the building resulting 
from differences in  upstream velocity profiles. Dissimilarity of  model 
and prototype wake flow fields would also be expected i f  geometric o r  
turbulence dissimilarities were present i n  the upstream flow. 
11 
I 
CHAPTER 3 
CONDITIONS OF SIMILARITY 
Cermak [ l l ]  and Sundaram, e t  a1 [12] and Armitt and Counihan [13] 
have discussed the condi t ions of  s imilar i ty  for  correct  modeling of 
atmospheric surface layers. Among the severa l  c r i te r ia  for  simi 1 a r i  t y  
of model and prototype  flows is  geometric  similarity. For the pre,sent 
case this means equal i ty  i n  the ra t ios  of  upstream boundary layer  
thickness 6 to building he igh t  H o r  roughness length zo f o r  model 
and prototype. Values of these length rat ios  used i n  the wind  tunnel 
study  of Woo, e t  a1 [4] a r e  summarized i n  Table  2. O f  i n t e r e s t  i n  
the present comparison are values for condition No. 2 ,  model No. 4 
which were used i n  the wind tunnel  investigation. These can be compared 
w i t h  corresponding values i n  the field study obtained by u s i n g  the 
formula for estimating planetary boundary layer thickness given by 
Blackadar and Tennekes [14], viz. ,  
6 = -  U* 
4f 
I f  the value of u* a t  T6 of r u n  No. 8407 from Table 1 (u* = 0.2218m/s) 
i s  taken a s  a near equi 1 i brium value , and f i s  calculated from 
f = 2w sin A (5 )  
a s  0.8133 x 10-4sec-1, then 6 i s  es t imated to  be 682m. These values 
yield prototype l eng th  ra t ios  of  H/6 = 0.0047 and  H/zo = 457 as  compared w i t h  
H/6 = 0.105 and H/zo = 10.5 for model. T h u s  not iceable  diss imilar i t ies  
appear i n  r e l a t ive  heights of surface roughness elements and the obstacle 
w i t h  respect  to  overal l  boundary layer  thickness, and i t  i s  c l e a r  t h a t  the 
b u i l d i n g  extends in to  a much smaller part  
than  does the model i n  i t s  boundary layer. 
of the atmospheric boundary 1 ayer 
However both obstacles are i n  
. .. . 
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the logarithmic layer governed by Equation ( 2 ) ,  since Plate [15] estimates 
the thickness of dL of the logarithmic layer i n  a wind tunnel as 
0.156 > H = 0.1056, and 61 ackadar and Tennekes [14] give the atmospheric 
surface layer thickness,  i .e.,  the patching height, as 0.046 > H = 0.00476. 
The ra t ios   a re  unequal fo r  model and prototype, b u t  b o t h  upstream 
velocity profiles are logari-thmic.  The lack of geometric similarity i s  
re la ted  to  a corresponding dissimilarity i n  the turbulence structures 
of model and prototype flow fie1 ds.  
The root-mean-square of the longitudinal component of velocity fluc- 
tuation u '  i s  shown i n  F ig .  2 for  the wind tunnel (solid curve) and the 
f ie ld  ( t r iangular  and square points) as a function o f  nondimensional 
height z/H. The data are seen t o  become  more disparate with increasing 
z/H, a1 though some agreement i s  shown fo r  z/H < 2 .  The d i s p a r i t y  a t  
large z/H is  certainly explained by the difference i n  re la t ive  depth of 
the boundary layers,  since the rat io  of  (6/H) prototype to (6/H) model 
i s  22.38.  This e f f ec t  i s  i l l u s t r a t ed  by consideration of the f ie ld  data  
point a t  z/H = 6.5, which  would move t o  z/H = 0.29 i f  t h e  6/H ra t ios  are  
taken into account. T h u s  the field data constitute only a very  small 
segment  of the u ' / u *  curve for  the whole boundary layer. Field data 
i n  the range 2.0 < u ' / u *  < 2.5 agree w i t h  o ther  f ie ld  and  wind tunnel 
data for the constant shear stress layers,  e .g . ,  see Armi.tt and  Counihan 
[12]. However, complete  agreement  of wake velocity profiles for proto- 
type and model flows would not be expected i n  view of the turbulence 
d i s s i m i l a r i t i e s  a t  z/H > 2. 
In the above discussion the heights o f  the atmospheric boundary layer 
and the surface layer have  been crudely estimated. The assumed s imi la r i ty  
between model and prototype layers a t  l e v e l s  above the.surface layer  does 
not really exist. In view o f  the crudeness o f  the model implied by Eq. 1,  
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Sundaram, e t  a1 [12] suggest t h a t  the h e i g h t  o f  the logarithmic 
layer  6L should be considered i n  l i eu  of  6 i n  the development 
o f  similari ty parameters for the flow f ie ld  around surface obstacles.  
Under this assumption the condi t ions for  s imilar i ty  become 
and, as previously used, 
An additional corldi t ion  to  assure  tha t  the effects of molecular viscosity 
are  negl igible  , i .e., to assure an aerodynamically rough t u n n e l  wall , is  
u* zo 
( 7 ) M  3 
Combination o f  Equations (2) ,  (6 )  and (8) leads t o  
Equation ( 9 )  gives 6,- = 0.32111 fo r  the m i n i m u m  thickness of the logarithmic 
layer in the wind tunnel . Figure 2 shows tha t  dL= 2H = 0.128m fo r  the 
actual wind tunnel  flow. However, the  required 6L obtained from 
Equation (9 )  could be reduced by r u n n i n g  the wind  tunnel a t  a higher 
speed U#. In order to  sat isfy Equat ions (6)  and ( 7 )  , the model should 
have a h e i g h t  H of 1.5 cm, and the wind tunnel wall should have a rough- 
ness l e n g t h  of 0.0000355m. These values are based on 6 = 682m and 6L 
= 0.046 = 27.28111, and these values could conceivably be l a rge r  by a 
factor of three or  four ,  thus increasing the model h e i g h t  H t o  the 
value actually used (6.4 cm). However, calculat ing 6 from Equation (4)  
15 
u s i n g  the da ta  for  u* from Table 1 (T6), a factor  of  two, i .e. ,  6 = 1400m, 
i s  a more reasonable upper limit for the fi.eld runs li'sted. 
In general, the s imilar i ty  condi t ions of  Sundaram, e t  a1 [12] 
require a h igher  tunnel speed, a smal l e r  model s i z e  and a smoother 
tunnel  wall.  Since the wind tunnel conditions actually used by Woo, 
e t  a1 [4] t o  model the f ie ld  condi t ions s tudied by Frost and  Shahabi 
[8] a re  n o t  s t r i c t l y  s i m i l a r ,  some d i s p a r i t y  i s  t o  be expected i n  the 
wake prof i les .  On the other hand, a t  l ea s t  qua l i t a t ive  s imi l a r i t y  o f  
wake profiles should be expected owing t o  the approximately equal and 
constant ( w i t h  h e i g h t )  upstream values of u ' / u *  i n  the logarithmic 
layer  and equal power law exponents n fo r  upstream veloci ty  prof i les .  
16 
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CHAPTER 4 
COMPARISON OF WAKE VELOCITY  PROFILES 
The e f f ec t   o f  the bui 1 d i n g  o r  model  on the upstream veloci ty  prof i le  
i s  s tud ied  i n  th is  chapter by comparison of field and wind  tunnel data 
presented graphically i n  non-dimensional form. Figure 3 shows the wind 
t u n n e l  veloci ty  prof i le  for Test Condition 2 upstream of Model 4 compared 
w i t h  f i e l d  p r o f i l e s  a t  tower T1 f o r  Runs 8407,  8504 and 8512.  In this 
figure the reference velocity, U r ,  used is  t h a t  a t  tower T1, level 4, 
i .e . ,  a t  z/H = 6.5. Data f o r  Run 8407 agree almost perfectly a t  a l l  
levels except z/H = 1.94. Data f o r  Run 8504 make up a s l i g h t l y  f u l l e r  
p ro f i l e  b u t  a r e  i n  excellent agreement, and those f o r  Run 8512 indicate 
a s l  i gh t ly   s t ra i  ghter profi le .  
P r o f i l e s  a t  tower T4 a r e  compared i n  F i g .  4 f o r  the two f i e l d  runs 
8407 and 8504. The prof i le  of  Run 8504 appears t o  be s l i g h t l y  shifted 
t o  the r i g h t ,  which may indicate some unaccountable external effect 
which has increased the l a y e r ' s  momentum a t  every level over that observed 
i n  Run 8407. The poss ib i l i t y  t ha t  this e f f e c t  i s  produced by a  change 
i n  h e i g h t  of natural cbstacles (hedges and t r ees )  upwind of the 
simulated building associated w i t h  the eight-month difference i n  time 
between Run 8407 and Run 8504 must be eliminated because o f  the very good 
agreement a t  level 4  of the data  of Run 8512 w i t h  the ea r l i e r  da t a .  
The enhancement of momentum a t  level 4 i s ,  however, also  observed 
f o r  Run 8407 f a r  downwind i n  the wake, i .e. ,  a t  tower T6. T h i s  may be 
inferred from a comparison o f  data  for  Runs 8407 and 851 2 i n  Figs .  4 and 6. 
Unfortunately, good data a t  level 4  tower  T6, i s  not  available, b u t  
i t  i s  c l e a r  t h a t  d a t a  f o r  8407 follows 8512, and t h u s  t ha t  s ign i f i can t  
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momentum enhancement is  ev iden t  a t  tower T6 f o r  both of these runs, as  
we1 1 as Run 8504. 
A rough estimation of momentum flow per u n i t  w i d t h  MOM is obtained 
by eval ua t i  ng 
f o r  Run 8504. 
t o  629m3/s a t  
fo r  the layer 
the integral  
20.88 
MOM = U2dz 
0 
T h i s  integral  is  evaluated a t  998m / s  a t  T6 compared 3 
T1. This is  an increase  of 59% over the upstream momentum 
defined by 0 < z < 20.88111. However, the wind tunnel  data 
applied to the corresponding model layer  yields  47m /s a t  T6 compared 
w i t h  57.3m /s a t  T1,  i . e . ,  a  momentum decrease of 182. Since a momentum 
decrease i s  expected, the validity of the f ie ld  data i s  suspect. However, 
i n  view of the conclusions reached i n  Chapter 2 of this report, the 
upstream f ie ld  prof i le  i s  not an equilibrium prof i le ,  whereas the wind 
tunnel profile i s  a fu l ly  developed prof i le ,  i . e . ,  the  f ie ld  prof i le  i s  
i n  the process of receiving horizontal momentum from the layer above i t  
a t  the time i t  passes over the simulated b u i l d i n g  (and loses momentum) 
and the process of momentum addition continues i n  the wake of the b u i l d i n g  
w i t h  a condition of near equilibrium being achieved a t  s t a t i o n  T6. Thus  
the fullness o f  t he   p ro f i l e   a t  T6 would be present  a t  T1 a1 so i f  equi 1 ib r ium 
had obtained there. Data  from other runs were used to evaluate the nlomentum 
integral  of  Equation ( l o ) ,  and the results are  presented i n  Table 3. These 
data provide convincing evidence t h a t  the wind p r o f i l e s  a t  T1 are not 
equi 1 i bri um profi   les.  
3 
3 
The possibil i ty that  the apparent increase i n  momentum is  a momentum 
decrease a t  T1 associated w i t h  the presence of the b u i l d i n g  8.65 b u i l d i n g  
heights downstream of T1.  Based on the measurements  of Rider [16] i t  i s  
22 
estimated that this effect  could indicate  an anomalous increase o f  as  
much as five percent.  However, values shown i n  Table 3 indicate  much 
larger  increases .  
Table  3. Momentum Integral  Evaluation 
I (Units  are m / s )  3 
Run No. MOM a t  T1 MOM a t  T6 
8501 554 91 6 
85  02 660 91 9 
8503 650 1007 
8512 421  61 7 
840 7 3 34 428 
8408 288 41 0 
Figures 3 th rough  6 show what i s  though t o  be a continuing adjustment 
of f i e l d  wind prof i les  t o  local surface roughness combined w i t h  a recovery 
from the retardation associated with the passage of the a i r  over the 
building.  Since the wind tunnel  prof i le  is  merely returning  to  equilibrium 
and i t s  zo/6 value i s  g r e a t e r  than the corresponding field value, the wind 
tunnel prof i le  shown in F i g .  6 does not match tha t  measured i n  t h e  f i e l d  
f o r  a much smaller relative roughness. The d i spar i ty  between model and 
prototype wake p r o f i l e s  i s  i l l  u s t r a t e d  q u a l i t a t i v e l y  i n  F i g .  7 where Equa- 
t i o n ( 1 )  i s  used t o  determine equilibrium profiles us ing  n = 0.27 fo r  t he  
wind tunnel and n = 0.13 f a r  the f i e l d .  The l a t t e r  exponent i s  reasonable 
f o r  zo = 0.7 cm ( e & ,  see Plate  [15], p .  41). T h u s  qual i ta t ive predict ion 
of the downwind  wake prof i les  (x/H = 40) i s  possible a p r i o r i ,  given only 
the values of zo f o r  the prototype and model. 
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The r e l a t ive  e f f ec t  of the 
i n  Figs .  3 through 6. A very s 
wind tunnel wake, b u t  almost no 
prof i les .  Accompanying the gre 
obstacle on the flow may 
ignif icant  re tardat ion is  
retardation is  observed 
ater  re tardat ion i s  a 75% 
also be observed 
noted in the 
i n  t he  f i e ld  
h i  gher  velocity 
gradient at  the lower levels  which should lead to greater turbulence 
levels  i n  the wind tunnel wake. These observations can be explained 
by the greater value o f  H/6 i n  the wind  tunnel  flow.  Figure 8, which i s  
based on the correlations of Good and Joubert [7], shows qual i ta t ively 
t h a t  the e f f ec t  of increasing H/6 is  to increase C,, for the obstacle.  
The graphs indicate that the use of a model with H/6 greater than the 
prototype and with H/zo l ess  than  the prototype would produce  a larger  
C,,, and hence a greater  momentum d e f i c i t  and turbulence excess would 
be expected. 
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CHAPTER 5 
COMPARISON OF WAKE TURBULENCE PROFILES 
Figure 2 was used t o  show the comparison of upstream turbulence 
distribution. Figures 9 through  15  extend the comparison to  wake pro- 
f i l e s .  Figures 9 through 12 show the RMS value of longitudinal tur- 
bulence u '  nondimensionalized w i t h  reference mean velocity U r .  The up- 
stream profiles for model and prototype shown i n  Fig. 9 do not  intersect  
a t  any point. This is  a d i f fe ren t  behavior  than  previously  exhibited 
i n  Fig. 2 fo r  u ' / u *  profiles using the same turbulence  data. On the 
other hand, the field data plotted i n  Fig. 9 are i n  close agreement. 
The  same apparent independence of f i e l d  and wind tunnel data i s  ob- 
served a t  the  o ther  s ta t ions  shown in  Figs. 10 t h r o u g h  12. The near 
equilibrium profiles of Fig. 12 are  very c lose  to  the  s ta r t ing  prof i les  
of F i g .  9. 
The response of the flow to the obstacle shown in F ig .  10 is  s t ronger  
for the model t h a n  for the prototype, e.g., u'  increases 70% for the model 
and 15% for the prototype a t  level 2. This effect  agrees with  the  difference 
in velocity gradient observed i n  F i g .  4 for the same s t a t ion ,  i . e . ,  t he  
wind tunnel vel.ocity gradient i s  75% higher than the field gradient 
i n  the lower par t  of the layer,  which implies a correspondingly higher 
relative turbulence production for the wind tunnel layer just downstream 
of the obstacle. Another point of agreement is  the previously noted 
difference i n  momentum flow, i .e. ,  the greater increase i n  velocity grad- 
ien t  observed i n  Fig. 4 is  associated w i t h  a greater momentum loss ,  which 
implies a greater relative drag force on the obstacle. A greater  re la t ive 
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drag force i s  expected for the. greater value of H/6 present i n  the wind 
tunnel as was  hown i n  F ig .  8. 
Turbulence wake profiles, non-dimensionalized w i t h  f r i c t ion  velocity, 
are shown in Figs. 13 t h r o u g h  15. More scatter o f  field da ta  points 
i s  observed i n  these graphs, b u t  a better ming l ing  of-wind tunnel and 
field points i s  noted.  This is particularly true a t  the farthest down- 
stream station as shown i n  F ig .  15. Here wind tunnel da ta  for levels 
one through three agree almost perfectly w i t h  the field data. 
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CHAPTER 6 
COMPARISON  WITH WAKE THEORY 
An,alternative . . I  t o   d i r ec t  comparison of  velocity  profiles is a 
comparison of model and prototype profiles w i t h  those obtained from 
wake theory. One  way this can be done is to  ca lcu la te  an approximate 
value of the parameters introduced by Counihan, e t . a l  . [3], which 
are cal led 5 and rl herein, and are defined as 
1 
z KX n+l 
" 
rl = K (j+ 
and 
AUx 
< = - -  
UHH 
w i t h  the constant K calculated from 
K - l  = uH 
The veloci ty  def ic i t  AU i s  defined by Frost and Shahabi [8] as the loss 
i n  momentum per u n i t  mass a t  a given height, i .e.,  U a t  a downstream 
s ta t ion  minus U upstream of the b u i l d i n g  a t  t h e  same distance z above 
the ground. The wind tunnel  profiles shown i n  Fig. 16 are  based on the 
foregoing definition of AU. However, the f ie ld  profile,  indicated w i t h  
open square po in t s ,  i s  based on defining AU as U a t  T5 minus U a t  t h e  
same level of T6. This i s  done s ince the prof i le  a t  T1 i s  apparently 
not f u l l y  developed, so t h a t  i t s  use would result i n  AU > 0 i n  the wake. 
A1 though the a1 ternate  def i n i  t 
impossible t o  draw conclusions 
ion of AU 
regarding 
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prof i le  w i t h  theory or w i t h  the wind tunnel profiles i n  the d e f i c i t  
form. 
The wind tunnel measurements shown i n  F ig .  16 a re  qua l i ta t ive ly  
similar to those presented by Counihan, e t . a l  . [3]. A theoretical  
curve, calculated by the methods of Counihan, e t  .a1 . [3] is  a1 so 
included i n  F i g .  16 fo r  comparison w i t h  wind tunnel wake prof i les .  
Approximate agreement of theory and measurement is  observed fo r  x/H = 20 
and below. A large dispar i ty  is  noted a t  x/H = 40. Below q = 1.5 
the correlation is extremely good u p  t o  s t a t ion  x/H = 25, indicating 
a self-preserving <-TI re lat ion w i t h i n  these l imits.  Above q = 1.5 
the <-q profiles tend to sprea.d somewhat, so that  the prof i le  depends on 
x/H.' Attempts are being made present ly  to  modify the calculated 
parameters t o  produce a bet ter  correlat ion.  
Attempts to  correlate  data  for the purpose o f  predicting the wake 
velocity and turbulence  profiles have  been investigated. Some re su l t s  
are  presented i n  the  appendix.  Correlations of t h i s  sort should be 
very useful tools i n  predicting ful.1 scale wake behavior. 
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CHAPTER 7 
CONCLUSIONS 
Several conclusions may be  drawn from a preliminary comparison 
of  field data taken from the MSFC-ABLF and wind tunnel data obtained 
from the CSU-MWT. Simi 1  ar i  t y  conditions require a higher t u n n e l  speed, 
a smaller model s i ze  and a  smoother wind  tunnel  wall. The observed 
dispar i ty  i n  wake wind prof i les  stems from differences i n  d/zo which 
are associated w i t h  differences i n  power law exponents. The percent 
turbulence increase generated by the model (70%) is  larger than the 
corresponding u '  increase (15%) developed by the prototype; this 
difference may be accounted for by the greater value of H / B  present 
i n  the wind tunnel. F i e ld  turbulence profiles, u ' / u *  as a function 
of z/H, a re  roughly predictable from model data a t  x/H = 44 provided 
z/H < 3.  Wake theory  agrees  approximately w i t h  wind tunnel  data for 
x/H 20. A self  preserving wind  tunnel wake, indicated by a good 
correlation of  data i n  a C-T-I plo t  ex is t s  for  rl 1.5 and x/H < 25. 
Further work is  needed to achieve adequate data comparison. 
Suggested studies would include the reverse flow case ( e  = OO), V I  
and w '  turbulence components, veloci ty  def ic i t  decay, turbulence decay 
and spectra,  three dimensional effects ,  recirculat ion zone data, and the 
perturbation of  non-equi 1 i b r i  um flow. 
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APPENDIX 
The internal boundary layer concept has been applied to wake flow. 
Fig .  A1 shows upper and lower knees i n  wake veloci ty  prof i les .  These 
knees mark the edge of regions of  influence; the upper knee  marks 
the 
the 
the 
outer edge of the internal boundary layer and the lower knee 
edge of the sublayer. Fig. A2 shows a correlation of these data;  
layers grow according t o  x 1 /2 . 
A j e t  type correlation is  used for velocity profiles near the 
b u i l d i n g ,  and i t  is  seen from Fig .  A3 t h a t  the data are correlated 
by a single  curve. Here 5 i s  the  usual j e t  parameter 0 z ' / x .  A similar  
correlation o f  turbulence  data was attempted i n  F i g .  A4. For t h e  l a t t e r  
correlat ion to  be useful a way o f  predicting u l m a x  must be found. 
The decay  of the veloci ty  def ic i t  i s  shown i n  Fig.A5. Presently 
a model i s  being developed t o  explain the change in - s lope  o f  the decay 
curve. 
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